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Superconducting radio-frequency cavities are commonly used in modern particle accelerators for
applied and fundamental research. Such cavities are typically made of high-purity, bulk Nb and are
cooled by a liquid helium bath at a temperature of ∼ 2 K. The size, cost and complexity of operating
a particle accelerator with a liquid helium refrigerator makes the current cavity technology not
favorable for use in industrial-type accelerators. We developed a multi-metallic 1.495 GHz elliptical
cavity conductively cooled by a cryocooler. The cavity has a ∼ 2 µm thick layer of Nb3Sn on the
inner surface, exposed to the rf field, deposited on a ∼ 3 mm thick bulk Nb shell and a bulk Cu shell,
of thickness > 5 mm deposited on the outer surface by electroplating. A bolt-on Cu plate 1.27 cm
thick was used to thermally connect the cavity equator to the second stage of a Gifford-McMahon
cryocooler with a nominal capacity of 2 W at 4.2 K. The cavity was tested initially in liquid helium
at 4.3 K and reached a peak surface magnetic field of ∼ 36 mT with a quality factor of 2 × 109.
The cavity cooled by the crycooler achieved a peak surface magnetic field of ∼ 29 mT, equivalent to
an accelerating gradient of 6.5 MV/m, and it was able to operate in continuous-wave with as high
as 5 W dissipation in the cavity for 1 h without any thermal breakdown. This result represents a
paradigm shift in the technology of superconducting accelerator cavities.
Superconducting radio-frequency (SRF) cavities made
of high-purity (residual resistivity ratio, RRR, > 250)
bulk Nb are one of the building blocks of modern par-
ticle accelerator facilities for applied and fundamental
research throughout the world [1]. Such cavities have
different geometries, depending on the speed and type of
particle they are designed to accelerate, the operating fre-
quency is in the gigahertz range and they are surrounded
by vessels containing liquid He (LHe) which cools and
maintains the cavity surface at ∼ 2 K during operation
in a so-called cryomodule [2, 3]. The size, cost and com-
plexity of a sub-cooled liquid He cryoplant has limited
a more widespread application of SRF technology so far.
To the authors’ knowledge, out of the estimated∼ 30, 000
industrial particle accelerators worldwide, the only one
using the SRF technology is a 9 MeV electron linac for
medical isotope production which uses a commercial liq-
uid He refrigerator with a capacity of 100 W at 4.3 K
[4].
The first application of cryocoolers for SRF cryomod-
ules was done in two cryomodules for the Japan Atomic
Energy Research Institute Free Electron Laser in 1993, in
which they used Gifford-McMahon (GM) cryocoolers to
cool two heat shields to 80 K and 40 K, respectively, and
to cool down and recondense the boiled-off liquid in the
helium tank surrounding a 499.8 MHz cavity [5, 6]. Cry-
ocoolers are reliable, compact, closed-cycle refrigerators
which are less expensive and easier to operate than LHe
ones. An example of a cryocooler application is cooling of
superconducting magnets in magnetic resonance imaging
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machines at hospitals. The power capacity of cryocoolers
has been increasing in the last few years and models with
a capacity of 2 W at 4.2 K are now available.
Recent progress in the development of thin-film Nb3Sn
SRF cavities has resulted in moderate accelerating gra-
dients (Eacc ∼ 10−15 MV/m) but a much higher quality
factor (Q0 ∼ 1010) compared to bulk Nb in elliptical cav-
ities cooled in liquid He at 4.3 K [7]. Such improvements
in both cryocooler and Nb3Sn SRF cavities may enable
the design of compact, low-energy (1 − 25 MeV) elec-
tron accelerators for industrial and medical applications
or for compact light sources [8, 9]. An example of such
industrial applications is the environmental remediation
of flue gases and/or wastewater [10]. Recent work on
the development of SRF cavities conduction cooled by a
cryocooler has resulted in a 650 MHz single-cell elliptical
cavity made of bulk Nb operating up to an accelerat-
ing gradient of 1.5 MV/m [11], corresponding to a peak
surface magnetic field, Bp, of 5.5 mT [12].
Here we describe the preparation and test results of
a single-cell elliptical cavity conduction cooled by a two
stage commercial GM cryocooler. Our approach was to
deposit a thick, high-purity Cu layer on the outer cavity
surface and to minimize the number of joints between the
cavity and the 4 K stage of the cryocooler, to maximize
the thermal stability of the cavity against quenching of
the superconducting state.
The single-cell cavity used for this study was made
of large-grain Nb (RRR ∼ 280) from CBMM, Brazil.
The cell shape is that of the end-cell of a High-Gradient
cavity (geometry factor, G = 269 Ω, R/Q = 100.3 Ω,
ratio of peak surface electric field over the accelerating
field, Ep/Eacc = 1.77, ratio of peak surface magnetic field
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2over the accelerating fieldBp/Eacc = 4.47 mT/(MV/m)),
proposed for the 12 GeV Upgrade of the CEBAF accel-
erator at Jefferson Lab [13]. The resonant frequency of
the TM010 accelerating mode is 1.495 GHz. The cavity
wall thickness is ∼ 2.9 mm and the end flanges are made
of pure Nb. The cavity fabrication used standard tech-
niques of SRF technology such as deep-drawing, milling
and electron-beam welding of cavity parts.
The coating of the inner surface of the cavity with
Nb3Sn was done together with another single-cell cav-
ity, stacked vertically inside a high-temperature vacuum
furnace. The cavity used for this study was at the bot-
tom position. A crucible with 6 g of Sn (99.999% purity
from Sigma Aldrich) and 3 g of SnCl2 (99.99% purity
from Sigma Aldrich), packaged inside two pieces of Nb
foils, was placed at the bottom flange of the bottom cav-
ity. The top flange of the top cavity was closed with
a Nb cover. The setup was assembled inside an ISO 4
clean room and then installed onto the furnace insert
[14]. Once the pressure reached 2.7 × 10−3 Pa, the fur-
nace was heated by ramping up the temperature at a rate
of 6 ◦C/min until it reached ∼ 500 ◦C. This temperature
was then kept constant for one hour and subsequently
ramped up at a rate of 12 ◦C/min up to the coating tem-
perature of ∼ 1200 ◦C. The temperature was monitored
with sheathed type C thermocouples attached to the cav-
ities at different locations. After maintaining the coating
temperature for 3 h, heating ceased, and the furnace was
allowed to cooldown gradually. When the furnace tem-
perature reached below 45 ◦C, the insert was backfilled to
101.3 kPa with nitrogen, and the coated cavities were re-
moved from the deposition system. The cavity was then
degreased in an ultrasonic tank, high-pressure rinsed with
ultrapure water, assembled with stainless steel flanges
with pump-out port and rf feedthroughs and sealed to
the cavity with In wire. The cavity was evacuated on a
vertical test stand to a pressure of ∼ 1× 10−6 Pa before
inserting in a vertical cryostat in the Vertical Test Area
(VTA) at Jefferson Lab. Cryogenic flux-gate magnetome-
ter (FGM) probes (Mag F, Bartington Instruments) and
calibrated Cernox (CX-1010-SD, Lakeshore Cryotronics)
resistance-temperature devices (RTDs) were attached to
the cavity to monitor the temperature gradient along the
cavity and the local magnetic flux during cooldown close
to the critical temperature of Nb3Sn, Tc ∼ 18 K. The rf
performance of the Nb3Sn cavity in liquid He at 4.3 K
was limited by anomalous heating at 4.3 K starting at
Bp ∼ 36 mT and by thermal quench at Bp ∼ 54 mT at
2.0 K.
Oxygen-free high-conductivity (OFHC) copper is one
of the metals which has a higher thermal conductivity
than high-purity Nb below 10 K and it has been used as
a substrate for the deposition of Nb thin-films on the in-
ner surface of cavities for particle accelerators [15]. The
higher thermal conductivity allows for a better thermal
stabilization of the cavity, even when cooling with LHe,
particularly against the presence of defects in the super-
conducting thin-film. However, at present there is no
technique which allows depositing a thin film of Nb3Sn
directly onto copper with similar performance as achieved
by forming the Nb3Sn layer onto bulk Nb by vapor dif-
fusion.
Nb/Cu bi-metallic samples were produced by electro-
plating Cu directly onto a Nb and thermal conductiv-
ity measurements showed that values of ∼ 1 kW/(m·K)
could be achieved at 4.3 K, compared to ∼ 75 W/(m·K)
obtained on Nb only [16]. However, achieving such high
thermal conductivity depended on obtaining a good ad-
hesion of the Cu on the Nb, which we were not able to
achieve reliably and consistently by electroplating Cu di-
rectly onto the Nb. A recent collaboration between Jef-
ferson Lab, Euclid Techlabs and Concurrent Technologies
Corporation (CTC) produced Nb/Cu samples obtained
by cold-spraying Cu onto Nb with excellent bonding: a
pressure of ∼ 40 MPa was required to detach the Cu from
the Nb in a pull-adhesion test [17]. However, the ther-
mal conductivity of the “as deposited“ cold-sprayed cop-
per was not as high as that obtained by electroplating.
While R&D efforts are ongoing towards increasing the
thermal conductivity of cold-sprayed copper, we pursued
cold-spraying as a method to grow a thin seed layer onto
the Nb and then electroplate the copper to full thickness
on such layer. An iterative finite element thermal analy-
sis of the cavity-cryocooler system was carried out with
ANSYS [18] estimating that a minimum Cu-layer thick-
ness of 5 mm would be necessary in order to achieve a
Bp-value of ∼ 36 mT. The analysis included the heat ca-
pacity map of the cryocooler, the temperature- and field-
dependent surface resistance of the Nb3Sn cavity and a
contact thermal conductance of 0.7 W/K [19].
A copper layer ∼ 76 µm thick was deposited on the
cavity outer surface by cold-spray at CTC, in Johnstown,
PA. Copper powder of 99.9 % purity and ∼ 40 µm size
was used along with He as gas carrier. Oxygen-free cop-
per was then electroplated onto the cold-sprayed layer
at AJ Tuck Co., in Brookfield, CT. The electroplating
was done in several steps to control the uniformity of the
thickness and finally to grow a ring ∼ 25 cm in diameter,
∼ 1.3 cm thick at the cavity equator. The cavity was
finally machined at Jefferson Lab to remove excess Cu
and to make eighteen holes evenly spaced along the Cu
ring at the cavity equator. Gore-Tex gaskets were used to
seal the cavity ends during both cold-spraying and elec-
troplating, however it was found that some of the copper
sulfate plating solution had leaked inside the cavity. The
cavity was filled with nitric acid at room temperature
for 1 h to dissolve any possible CuSO4 residue. Figure 1
shows a picture of the completed multi-metallic cavity.
The cavity was prepared for the cryogenic rf test as de-
cribed earlier and the performance measured in liquid He
was limited by “Q-switches“ at Bp ∼ 35 mT at 4.3 K,
whereas it quenched at Bp ∼ 52 mT at 2.0 K. However,
the quality factor degraded more rapidly with increas-
ing field above ∼ 14 mT, compared to the test prior to
Cu-coating.
A vertical test stand was designed and built to allow
3FIG. 1. Pictures of the multi-metallic SRF cavity. The
length of the cavity from flange to flange is 31.8 cm and the
electroplated Cu ring at the equator is 25.4 cm in diameter
and 1.27 cm thick.
testing the cavity with a cryocooler. The GM cryocooler
(RDE-418D4, Sumitomo) is bolted to the test stand top
plate. The cavity is kept under static vacuum and sits
on a G10 plate held by two stainless steel threaded rods
attached to the top plate. A plate ∼ 1.27 cm thick ma-
chined from OFHC copper is bolted to the crycoooler 4 K
stage on one side and to the cavity equator ring on the
other side. The contact surfaces were cleaned with Brasso
metal polish and wiped with acetone and isopropanol.
Apiezon N thermal grease was spreaded on the contact
surfaces. The bolts connecting the Cu plate to the cry-
ocooler were torqued to 3 N·m, as recommended by the
cryocooler manufacturer. The cavity Cu ring and the Cu
plate were sandwiched between four 304 stainless steel
rings, each 0.64 cm thick, on each side and pressed to-
gether with 1.27 cm diameter 316 stainless steel threaded
rods and silicon-bronze nuts, torqued to 115 N·m. Such
combination of number of rings and torque value allowed
achieving a uniform pressure along the ring, estimated to
be ∼ 46 MPa. A high, uniform pressure allows minimiz-
ing the thermal resistance of the joint. Figure 2 shows a
3D rendering of the test stand and of the cavity connected
to the cryocooler. All of the stainless steel hardware had
been properly degaussed prior to installation onto the
cavity.
The cavity and cryocooler 4 K stage were wrapped with
ten layers of multi-layer insulation (MLI) and they are in-
side an inner magnetic shield. Such inner shield is inside a
copper cylinder thermal shield attached to the cryocooler
50 K stage and wrapped with ten layers of MLI. Finally,
an outer magnetic shield surrounds the thermal shield.
Two rf cables connect the input and pick-up antennae
mounted on the cavity to rf feedthroughs on the top plate.
Sixteen calibrated Cernox RTDs were distributed on the
cavity, Cu plate and the thermal shield. Three cryogenic
flux-gate magnetometer probes were placed at locations
on the cavity ring with different orientations.
The test stand was inserted in a VTA vertical cryostat,
which was used only as a vacuum vessel for this test. The
FIG. 2. Cross-section of the 3D model of the cavity-
cryocooler the test stand (a) and detail of the cavity con-
nection to the cryocooler 4 K stage (b). The test stand has a
61 cm diameter top plate and it is 93 cm in height.
magnitude of the ambient magnetic flux density at the
cavity was less than 3 mG. The cooldown lasted about
three days and the average steady state temperature of
sensors along the Cu plate attached to the cavity equator
ring and on top and bottom of the cavity was 3.8±0.4 K.
In order to achieve a good thermalization of the cavity
in the vicinity of 18 K, which is required in order to
minimize rf losses due to trapped magnetic flux gener-
ated by thermoelectric currents [20], the cryocooler was
cycled on and off twice close to this temperature. The
maximum magnetic flux density measured by the FGM
probes close to Tc was ∼ 14 mG and the temperature
gradient along the cavity was ∼ 0.09 K/cm. The Q0-
value at Bp = 2.4 mT was 1×1010 and the Q0(Bp) curve
is shown in Fig. 3 along with the data measured in LHe
at 4.3 K before and after Cu coating. The cavity reached
a maximum Bp-value of 29 mT above which a Q-switch
occur, reducing both Bp and Q0 to 22 mT and 5 × 108,
respectively. It was verified that the Q0 vs. Bp curve
is reversible when lowering the forward power. The test
was stopped at Ploss = 5 W, limited by the power han-
dling capability of the input power cable. The cavity was
held at this level of dissipated power, corresponding to
4Q0 = 5× 108 at 22 mT, for 1 h after which the rf power
was turned off. The average cavity temperature, Tavg,
showed a modest increase from 6.9 K to 7.1 K , as shown
in Fig. 4. There was no indication of thermal instability,
such as sudden temperature jumps or dT/dt increasing
over time during this extended cavity operation test. All
rf tests were done in continuous-wave (cw) mode (100%
duty factor) and there were no detectable X-rays from
field-emitted electrons in any of the tests. The ampli-
tude of the cavity microphonics was measured using the
digital low-level rf control system used for the cavity rf
test [21] and the peak-to-peak value was 13.8 Hz. The
frequency of the microphonics was 1.2 Hz, which is the
frequency of the displacer in the 4 K stage of the cry-
ocooler.
FIG. 3. Quality factor of the SRF cavity as a function of the
peak surface magnetic field or of the accelerating gradient, in
cw mode. The temperature of the outer cavity surface was
constant at 4.3 K for the tests in LHe, whereas it increased
with increasing rf field in the test with cryocooler. The inset
shows the average cavity temperature as a function of the
dissipated power, compared with the temperature of a Cu
block with a heater mounted to the 4 K stage of the cryocooler
as a function of the heater power.
A thermal breakdown of the superconducting state is
a common limitation in the operation of SRF cavities
in particle accelerators, even when cooled in superfluid
He. Except for few exceptions, such thermal breakdown
occurs well below the superheating field of the supercon-
ductor and it is caused by the presence of defects on the
inner cavity surface [22]. An example of such defects are
normal conducting inclusions which are heated by the
rf field and when the local temperature exceeds Tc the
surrounding superconductor quenches. Such quenches
can occur even at a relatively low power density. The
FIG. 4. Average temperature of the cavity outer surface
while operating the conduction cooled cavity in cw mode with
a constant dissipated power of 5 W for 1 h with no indication
of thermal instability. The width of the shaded area corre-
sponds to the standard deviation.
Q-switch which limits the maximum achievable surface
field in this cavity is attributed to defective regions in
poor thermal contact with the surrounding superconduc-
tor. At the onset of the Q-switch, these regions may
become normal conducting and dissipate more and more
of the cavity’s stored energy as more power is transmit-
ted into the cavity. One possibility, is the presence of a
large number of µm-size defects distributed uniformely
over the cavity surface, given the uniformity of the tem-
perature distribution on the cavity outer surface even
with a dissipated power of 5 W. Such case was evaluated
with a steady-state thermal analysis with ANSYS and
the temperature distribution is shown in Fig. 5. A power
dissipation of 5 W was applied at the inner surface and
an estimated static heat leak of 0.58 W was applied to
the bottom of the Cu plate. The contact thermal con-
ductance was set to 0.7 W/K and the temperature at the
cryocooler location was set to 7.5 K, based on the heat ca-
pacity map. Figure 5 indeed shows that the temperature
is quite uniform over the whole cavity surface and close to
that of the cryocooler, because of the high-conductivity
Cu layer.
The change in the Q0(Bp) curve above ∼ 20 mT in-
dicates an onset of ohmic-type losses as Ploss ∝ H2p at
higher rf field. If such dependence would have continued,
without the occurrence of a Q-switch, a Ploss = 5 W
would have been reached at Bp = 41 mT. Such value
of Bp would have met the requirement for a single-cell
cavity designed for a 1 MeV electron linear accelerator
for environmental remediation [10]. The origin, size and
location of the defective regions are unclear at this stage.
One possibility is the contamination of the Nb3Sn film
by the plating solution. Another possibility is related to
strain of the Nb3Sn film given by the differential ther-
5FIG. 5. Temperature distribution on the cavity surface and
Cu plate with 5 W rf heat load and 0.58 W static heat load,
calculated with ANSYS.
mal expansion coefficient between the Cu layer and the
Nb layer, since it is well known that the superconducting
properties of Nb3Sn are very sensitive to strain [23]. A
finite element mechanical analysis with ANSYS showed
that stresses as high as ∼ 275 MPa at the irises and
∼ 185 MPa elsewhere on the cell may be applied to the
Nb3Sn-coated Nb, due to the larger thermal contraction
of Cu. This aspect and possible mitigations will require
further studies.
In summary, we were able to operate a multi-metallic
SRF cavity with conduction cooling, using a commercial
GM cryocooler, in cw mode up to 29 mT peak surface
magnetic field and up to 5 W of power dissipation. In
spite of the rigid connection between the cryocooler’s 4 K
stage and the cavity, the amplitude of the microphonics
does not represent an issue, as it was well within what
is typically achieved and controlled in SRF accelerator
cavities [24, 25], particularly considering the low loaded-
Q values (104 − 105) typically required for a low-energy,
high-power accelerator. To the author’s knwoledge, the
maximum Bp and Ploss values we have reported are the
highest ever achieved by a conduction cooled SRF cav-
ity and represent a fundamental stepping stone towards
the demonstration of compact, low-cost accelerators for
applications in industry, medicine or for university-scale
research.
After this work was completed, we became aware of a
new report from Fermilab in which Bp ∼ 24 mT and a
Ploss of 4 W were achieved in a cryocooler conduction
cooled 650 MHz single-cell cavity [26]
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